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Abstract

Pheochromocytomas, arising from chromaffin cells, produce catecholamines, epinephrine and
norepinephrine. The tumor biochemical phenotype is defined by which of these exerts the greatest
influence on the cardiovascular system when released into circulation in high amounts. Action on
the heart and vasculature can cause potentially lethal arrhythmias, often in the setting of comorbid
blood pressure derangements. In a review of electrocardiograms obtained on pheochromocytoma
patients (n = 650) treated at our institution over the last decade, severe and refractory sinus
tachycardia, atrial fibrillation, and ventricular tachycardia were found to be the most common or
life-threatening catecholamine-induced tachyarrhythmias. These arrhythmias, arising from
catecholamine excess rather than from a primary electrophysiologic substrate, require special
considerations for treatment and complication avoidance. Understanding the synthesis and release
of catecholamines, the adrenoceptors catecholamines bind to, and the cardiac and vascular
response to epinephrine and norepinephrine underlies optimal management in catecholamine-
induced tachyarrhythmias.
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Cardiac complications, including serious arrhythmias and blood pressure (BP)
derangements, occur in patients with tumors arising from chromaffin cells of the adrenal
medulla and extra-adrenal sympathetic paraganglia (1), collectively referred to as
pheochromocytomas. These produce excess catecholamines, particularly epinephrine (EPI)
and norepinephrine (NE) with continuous or episodic release (2). Here, we focus on
arrhythmias due to catecholamine excess in pheochromocytomas.

Although there are a variety of clinical manifestations of pheochromocytoma, cardiovascular
manifestations, arrhythmias, and BP derangements account for 71% of the mortality (3-6).
Arrhythmias with pheochromocytoma, with sinus tachycardia (ST) being the most common
(7,8). Excluding ST, 1 study found arrhythmias in 10% of patients with pheochromocytoma
(6). Of these patients, atrial fibrillation was the most common (60%), followed by
bradyarrhythmias (20%) and ventricular tachycardia (13%); the remaining patients had
unspecified supraventricular tachycardias (6). In total, 90% of patients with
pheochromocytoma have hypertension; 75% of these patients have paroxysms of
hypertension at least once a week (7).

We retrospectively reviewed patients seen at our institution from 2004 to 2019 and found
that 650 patients had electrocardiograms. In our patient set, 71 (10.9%) patients experienced
tachyarrhythmia. Of these, 70 of 71 (98.6%) at one time experienced ST (heart rate [HR]
greater the 100 beats/min in normal sinus rhythm), 8 of 71 (11.3%) atrial fibrillation, 4 of 71
(5.6%) atrial flutter; and 3 of 71 (4.2%) ventricular tachycardia (VT). Of the patients with
VT, none had structural heart disease. Of the patients with atrial fibrillation/flutter, all but 1
patient had a prior history and all but 1 were anticoagulated. None of these patients had
recurrence of their arrhythmia after appropriate surgical and/or pharmacological treatment.
These tachyarrhythmias occurred despite treatment with standard 3-adrenoceptor blocking
agents.

Management of catecholamine-induced tachyarrhythmias, which are common and
sometimes refractory to conventional medical therapy, is complex; without intervention,
these can deteriorate to cardiac arrest (9). Treatment of HR in the state of catecholamine
excess alters BP significantly; its treatment failure can lead to serious complications
including hypertensive crises, hypotensive shock, and death (10-14).

Here, we describe the management of catecholamine-induced tachyarrhythmias and
comorbid BP derangements (Figures 1A to 1C). This review is timely given newly published
European guidelines for the management of patients with supraventricular tachycardia (15),
which call for changes in conventional management of tachyarrhythmias and emphasize the
use of B-adrenoceptor blocking agents and ivabradine in ST treatment (15). Given these
cardiovascular complications and the complexity of their management, a cardiologist is
essential in management, especially in light of new treatment guidelines for arrhythmia.
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CLINICAL SCENARIOS: THE PATIENT

Identifying the biochemical phenotype of a pheochromocytoma, defined by catecholamine
production/release and resultant cardiovascular response, is an important first step in
evaluating catecholamine-induced tachyarrhythmias. These phenotypes—noradrenergic,
adrenergic, or mixed—determine the frequency of arrhythmias, BP derangements, and the
risk to a given patient. We present 2 prototypical cases (Case 1 and 2) illustrating the
different clinical presentations of 2 biochemical phenotypes. These cases illustrate pertinent
aspects of catecholamine physiology relevant to management.

CASE 1 (NORADRENERGIC PHENOTYPE).

A middle-aged man with a history of metastatic extra-adrenal pheochromocytoma presents
to the emergency department with frequent palpitations, persistent headache, nausea, and
vomiting. BP and HR at presentation were 160/108 mm Hg and 124 beats/min (ST),
respectively. Two weeks prior, his laboratory results showed elevated serum norepinephrine
of 1,404 pg/ml (range 80 to 499 pg/ml), normetanephrine of 1,148 pg/ml (range 18 to 112
pg/ml), epinephrine of 14 pg/ml (range 0 to 57 pg/ml), and metanephrine of 56 pg/ml (range
12 to 61 pg/ml). He was given 2 mg of doxazosin once daily and atenolol 12.5 mg twice
daily, admitted to the telemetry care unit, and given metoclopramide 10 mg orally (PO) for
nausea and labetalol 200 mg PO for hypertension. BP and HR improved to 151/89 mm Hg
and 110 beats/min, respectively. After several hours, BP remained high due to provision of
the catecholamine-releasing agent metoclopramide (16,17), which was discontinued.

Labetalol was also discontinued, and intravenous (1V) diltiazem was titrated from 5 to 10
mg/h. BP and HR improved to 130/85 mm Hg and 88 beats/min, respectively.

CASE 2 (ADRENERGIC PHENOTYPE).

A middle-aged woman with a history of hyperthyroidism and a known 3.2-cm left adrenal
pheochromocytoma presents to the emergency department with a 2-week history of
worsening palpitations and -diaphoresis. She had consistently elevated serum
catecholamines, most recently: epinephrine of 382 pg/ml (range 0 to 57 pg/ml),
metanephrine of 801 pg/ml (range 12 to 61 pg/ml), norepinephrine of 441 pg/ml (range 80 to
499 pg/ml), and normetanephrine of 101 (range 18 to 112 pg/ml). She stopped taking her
home nicardipine (60 mg/day). HR and BP at presentation were 118 beats/min (ST) and
143/66 mm Hg, respectively. Phenoxybenzamine 20 mg PO was given. Subsequently, BP
decreased to 94/56 mm Hg and HR increased to 135 beats/min; she became obtunded and
was transferred to the intensive care unit; phenoxybenzamine was discontinued. IV NE was
started and titrated to 150 pg/min. BP increased to 112/64 mm Hg, but HR remained
unchanged. Subsequently, she had premature ventricular contractions and paroxysms of
nonsustained VT. A cardiologist was immediately consulted. Propranolol 1 mg IV was given
twice. BP improved to 138/66 mm Hg, episodes of VT subsided, and HR returned to 82
beats/min.
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CATECHOLAMINE SYNTHESIS, PHYSIOLOGY, ACTION, CARDIAC, AND
VASCULAR RESPONSE

The mechanisms underlying NE and EPI synthesis, action, and cardiovascular response
provide the framework for selecting treatments in the management of catecholamine-
induced tachyarrhythmias (Figure 2) (2,18). The agent a-methyl-L-tyrosine, or metyrosine
(Demser, Bausch Health, West Laval, Quebec, Canada), has proven very useful in our
experience because it can dramatically reduce the production of NE and EPI by inhibiting
tyrosine hydroxylase, the rate-limiting enzyme of catecholamine biosynthesis (18,19).

In contrast, sympathomimetics, catecholamine reuptake inhibitors, monoamine oxidase
inhibitors, opiates, anesthetics, steroids, antiemetics (notably metoclopramide as in Case 2),
linezolid, peptide hormones, and neuromuscular blockers interfere with catecholamine
turnover leading to elevated catecholamine levels in systemic circulation (Figure 2)
(2,10,11,18). These agents and their actions are outlined in Figures 1A and 2, respectively.

Following synthesis, catecholamines are stored and released from pheochromocytomas in
paroxysmal, continuous, or mixed patterns (2,18,20). EPI-releasing pheochromocytomas
store and episodically release life-threatening amounts of EPI causing paroxysms of short-
lasting tachyarrhythmias (18,20,21). NE-releasing pheochromocytomas release stored
catecholamines continuously, often causing persistent hypertension and tachyarrhythmias as
opposed to sudden cardiovascular decompensation (18,20,21). Mixed phenotype
pheochromocytomas, releasing both NE and EPI, cause both continuous and episodic
tachyarrhythmias (20,21).

Catecholamines, released from pheochromocytomas bind to adrenoceptors distributed in
multiple organs, especially the heart and vasculature with varying affinities (Figure 3) (18),
causing tachyarrhythmias and BP changes (20). Although cardiac B1-adrenoceptor
stimulation by both NE and EPI causes tachyarrhythmias, the effect on the vasculature is
determined by the distribution and ranging affinities of adrenoceptors for NE and EPI
(Figure 3) (20,22). EPI has a tendency to cause tachyarrhythmias and, less so, hypertension
given its higher affinity for B1-compared with a.1-adrenoceptors; the opposite is true for NE,
causing hypertension and less often tachyarrhythmias (Figures 2 and 3) (1,18,22-25).
Furthermore, peripheral p2-adrenoceptor stimulation leads to vasodilation and in excess
hypotension (Figure 2) (20,23,25). This is seen in EPI-secreting pheochromocytomas or
during treatment of pheochromocytomas with sole a.1-adrenoceptor blockade due to a
relative excess of catecholamines available to p2-adrenoceptors (20,23,25).

Stimulation of cardiac p1-adrenoceptors leads to a rise in cyclic adenosine monophosphate
(cAMP), activating calcium and hyperpolarization-activated cyclic nucleotide—gated (HCN)
channels as elaborated in the Central Illustration (18,22,26-28), producing
tachyarrhythmias. Glucocorticoids, thyroid hormone, and additional abnormalities increase
adrenoceptor expression and sensitivity worsening BP and HR derangements (Figure 1A)
(29-31).
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Given the integral role of adrenoceptor stimulation in causing tachyarrhythmias,
adrenoceptor blockade is the initial approach in treatment of catecholamine-induced
tachyarrhythmias; however, inappropriate adrenoceptor blockade can lead to cardiovascular
decompensation and death (12,32). Appropriate biochemical phenotype determination
therefore guides treatment approach, particularly in patients presenting with catecholamine-
induced tachyarrhythmia and hypotension (18,20,25,33).

MANAGEMENT OF CATECHOLAMINE-INDUCED ARRHYTHMIAS

Bradyarrhythmias are also encountered in pheochromocytoma. They usually are due to
either a baroreceptor-mediated reflex response to hypertension or due to a given treatment
(e.g., p-adrenoceptor blockade) (34,35). These bradyarrhythmias improve with treatment of
hypertension or removal of the offending agent and are not discussed in this text.
Catecholamine-induced tachyarrhythmias, on the other hand, are often associated with
abrupt BP changes that cannot be overlooked in the selection of appropriate treatments and
are further discussed (Figure 1A to 1C).

As described in the previous text, catecholamines stimulate cardiac p1-adrenoceptors,
consequently affecting the HCN and calcium channels (22,26,36,37), resulting in increased
automaticity, conduction velocity, inotropy, and excitability (Central Illustration) (26,38,39).
Thus, the initial treatment strategy in catecholamine-induced tachyarrhythmias relies heavily
on Bl-adrenoceptor blockade, followed by the use of membrane-active agents that reduce
calcium overload and normalize excitability (Central Illustration, Figures 1B and 1C) (37).

TREATMENT OF CATECHOLAMINE-INDUCED ST.

Once the patient is receiving the appropriate level of care, the ST can be treated. We
recommend the intensive care unit for patients with prolonged HR <50 or >120 beats/min or
systolic BP <80 or >160 mm Hg, a cardiovascular history of catecholamine-related
complications, a need for 1V antihypertensive or antiarrhythmic agents, or rapid and
recurrent HR and BP changes; the remainder of patients can be treated in the intermediate
care environment (Figure 1A). To supplement the discussion of ST management, we present
patient cases from our institution with clinically relevant points highlighted (Figure 5,
Patients 1 to 5).

Excessive activation of adrenoceptors in the sinoatrial node leads to calcium and HCN
channel activation, producing ST (Central Illustration) (26-28,39,40). Calcium influx via
voltage-gated calcium channels due to adrenoceptor activation, increases conduction
velocity in the atrioventricular node; p-adrenoceptor blocking and non-dihydropyridine
calcium-channel blocking agents oppose this (e.g., diltiazem and verapamil). HCN-channel
activation is also blocked by ivabradine (Central Illustration, Supplemental Table 1)
(26,27,35).

In treating ST, the choice of whether to use R-adrenoceptor blocking agents,
nondihydropyridine calcium-channel blocking agents, or ivabradine depends on clinical
context, the urgency with which the condition must be addressed, and medication-specific
properties and adverse effects (27). Although B-adrenoceptor blockade is a crucial initial
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step for treatment, nonselective B-adrenoceptor blockade can precipitate hypertensive crises
(Central Illustration, Figure 2) (12,32). This is caused by blocking R2-adrenoceptor—
mediated vasodilation which allows unopposed a-adrenoceptor mediated vasoconstriction
(12,32). Initial a-then B-adrenoceptor blockade is, therefore, strongly recommended except
for normotensive/hypotensive patients as a-adrenoceptor blockade leads to hypotension
(Figure 1B).

CHOICE OF ADRENOCEPTOR ANTAGONISTS.

We prefer cardio-selective adrenoceptor blocking agents for the treatment of catecholamine-
induced tachyarrhythmias, as nonselective 3-adrenoceptor blockade can cause hypertension
via 32-adrenoceptor blockade (Central Illustration, Figure 2) (41). Esmolol is ideal in
emergent circumstances as it has rapid onset and short-half life, allowing for titration in the
acute setting with rapid fluctuations in hemodynamics (Supplemental Table 2, Figure 1B)
(42). 1V metoprolol is an alternative. Note, in high concentrations, 31-adrenoceptor blocking
agents may also block R2-adrenoceptors; therefore, initial a-adrenoceptor blockade is
important to prevent hypertension (13). We do not recommend the use of labetalol, which
provides nonselective -adrenoceptor blockade with relatively weak a-blockade (ratio 1:7),
as initial therapy; it may be used after adequate a-adrenoceptor blockade has been
established (Figure 5, Patient 1) (2,12,20).

Oral (PO) R1-adrenoceptor blocking agents can be used in less emergent settings.
Controlled-release metoprolol (succinate), immediate-release metoprolol (tartrate), or,
possibly, atenolol are preferred agents (Supplemental Table 2) (18). In patients with renal
dysfunction, atenolol can accumulate leading to bradycardia; metoprolol tartrate/succinate is
preferred, with metoprolol succinate favored for lessfrequent dosing (Supplemental Table 2)
(35). Bisoprolol is more B1-selective and can also be used (35). Propranolol and carvedilol
are nonselective -adrenoceptor blocking agents (35), with carvedilol having a weak a.1-
adrenoceptor blocking effect (c:3 = 1:10) (43).

If a-followed by R-adrenoceptor blockade is ineffective, or if it is contraindicated as in the
hypotensive or normotensive patient, we recommend the use of verapamil or diltiazem
(Supplemental Table 2, Figure 1B). In patients with hypertension and ST, verapamil is
favored as a more potent antihypertensive (Supplemental Table 2, Figure 1B) (44). Given the
negative inotropic effects of diltiazem and verapamil, these agents should be avoided in
patients with heart failure due to LV systolic dysfunction (Supplemental Table 2) (35).
Finally, ivabradine is an ideal agent in hypotensive and normotensive patients with ST or in
patients refractory to or intolerant of R-adrenoceptor and/or nondihydropyridine calcium-
channel blocking agents (Figures 1 and 5, Patient 4) (27,45). We frequently recommend the
use of ivabradine at outside institutions; within our cohort of 71 patients, 2 patients were
treated with ivabradine in the acute setting. The high cost of ivabradine may, however,
mitigate against its use as a first line agent.

BP CONSIDERATIONS IN ST.

In hypertensive patients with catecholamine-induced tachyarrhythmia, a-adrenoceptor
blockade is the preferred initial treatment. Some of the following recommended medications
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may not be widely available. As such, we provide alternative management. 1V
administration is preferred in hypertensive emergency, whereas PO regimens are appropriate
for hypertensive urgency or less emergent circumstances (Figure 1B). Oral selective a.1-
adrenoceptor-blocking agents like doxazosin/terazosin/prazosin can be used (Supplemental
Table 2) (1,18,24). However, these competitive al-inhibitors (Figure 5, Patient 2) are not
always effective, as they can be displaced by surges of catecholamines, allowing for
breakthrough hypertension (1,18). Use PO phenoxybenzamine, a noncompetitive a.-
adrenoceptor blocking agent, in this case because it cannot be displaced, allowing prevention
of breakthrough hypertension (1,18). When rapid a-adrenoceptor blockade is warranted,
consider escalating the level of care to the intensive care unit where 1V phentolamine, a
nonselective a-adrenoceptor blocking agent, can be given with appropriate invasive BP
monitoring (Supplemental Table 2, Figures 1A, 1B, and 5, Patient 2). IV nitroprusside,
nicardipine, verapamil, diltiazem, and lastly, hydralazine are suitable add-on agents
(1,18,35).

In hypotensive patients with ST, rule out alternative forms of shock, provide appropriate
fluid resuscitation, and use agents that control HR without a substantial effect on BP such as
ivabradine, verapamil, and diltiazem (Supplemental Table 2, Figures 1A and 1B). If
hypotension persists, consider potential 2-overstimulation and administer a non-selective
[2-adrenoceptor blocking agent (e.g., propranolol) (Supplemental Table 2, Figures 1B and 5,
Patient 5) (25). NE and EPI may be ineffective in providing adequate BP support (46). IV
phenylephrine may be beneficial in supporting BP during the state of B2-adrenoceptor
overstimulation with hypotension (Figure 1B). lvabradine or esmolol, unless
contraindicated, may be used if HR slowing is desired, but caution must be exercised in
hypotensive patients dependent upon HR for sustaining BP. Corticosteroids and vasopressin
can worsen underlying tachyarrhythmias by causing catecholamine release and should be
avoided (except, e.g., in patients with adrenal insufficiency) (10,46). In hemodynamically
unstable patients, follow advanced cardiac life support algorithms (47).

TREATMENT OF CATECHOLAMINE-INDUCED VT.

Catecholamine excess can result in monomorphic (48), bidirectional (49), or polymorphic
VT (50,51). Although the precise mechanism is unclear, calcium overload due to CAMP-
mediated effects on calcium influx, storage, and spontaneous release likely explains the
majority of cases (52). Increased myocardial oxygen consumption due to tachycardia,
augmented inotropy, and heightened wall stress from elevated BP contribute to pro-
arrhythmic ischemia (31). Consider ischemia when ST-segment shifts precede the onset of
VT, particularly polymorphic VT.

The therapeutic approach to catecholamine-induced VT focuses on reducing p1-
adrenoceptor—driven cCAMP accumulation effects, particularly calcium-overload mediated
after-depolarizations, and avoiding inadvertent vasoconstriction that may incur ischemia in
ventricular muscle (Central Illustration) (27,38,52). p1-adrenoceptor stimulation activates
calcium and potassium channels within the His-Purkinje system and cardiac myocytes,
increasing spontaneous depolarization and resulting in VT (52,53). The impact on action
potential duration can be quite profound and unpredictable, resulting in prolongation of the
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QT interval in some and shortening in others (Central Illustration, Supplemental Table 1)
(52). These changes contribute to ectopy and conditions that may give rise to re-entrant
rhythms (Supplemental Table 1) (38,41). Catecholamine-induced VT is treated initially with
B1-adrenoceptor blockade; amiodarone and lidocaine are second- and third-line therapies
(Supplemental Table 1) (35,38,54).

We prefer the initial use of a-followed by B-adrenoceptor blockade for VT in hypertensive
patients (Figure 1C). We favor IV esmolol (or IV metoprolol if it is not available) as the 3-
adrenoceptor blocking agent of choice. Refractory VT should be treated with amiodarone
and lidocaine additionally, except for patients with 32-adrenoceptor overstimulation leading
to hypotension, in whom R2-adrenoceptor blockade is necessary (e.g., propranolol)
(Supplemental Table 2, Figure 1C). In patients who remain in VT despite interventions,
cardioversion or venoarterial extracorporeal membrane oxygenation (ECMOQO) can be
considered (47,55).

BP CONSIDERATIONS IN VT.

The same principles in BP management of ST apply to VT (Figure 1C). Further, the
treatment of hypertension in patients with VT can reduce arrhythmia due to stretch-induced
ectopy (Figure 5, Patient 3) (31). In hypertensive patients, start with a- then B-adrenoceptor
blockade with IV esmolol or metoprolol (Supplemental Table 2, Figure 1C). IV propranolol
has been used in the past successfully, but may incur unwanted hypertensive crises
(Supplemental Table 2, Figure 1C, right) (56). Amiodarone is the preferred second-line
agent, as it is indiscriminate in its effects, blocking the a- and p-adrenoceptor non-
competitively, as well as membrane sodium, potassium, and calcium channels (Supplemental
Table 2, Figure 1C) (35). Lidocaine causes greater hypotension compared with amiodarone
(Supplemental Table 2, Figure 1C) (57).

In normotensive patients with VT, start with amiodarone, as it has the least likelihood of
incurring hypotension. Then, if needed, consider lidocaine, a-adrenoceptor blockade, and
propranolol sequentially (Supplemental Table 2, Figure 1C). In hemodynamically unstable
patients with VT, follow advanced cardiac life support algorithms (47). After resuscitation,
rule out alternative forms of shock and fluid resuscitate patients without cardiogenic shock
(Figure 1A). Give 1V propranolol without initial a-adrenoceptor blockade if p2-
overstimulation is suspected followed by amiodarone, then lidocaine (Supplemental Table 2,
Figure 5, Patient 5, Figure 1C) (23,25).

The approach to treatment of tachyarrhythmias thus relies principally on R1-adrenoceptor
blockade. Subsequent management of ST relies on the addition of ivabradine and diltiazem/
verapamil, while subsequent management of VT relies on the addition of amiodarone and
lidocaine (Figure 4). Sotalol, propafenone, and procainamide can also be used if not
contraindicated.

ATRIAL FIBRILLATION AND FLUTTER

In the hemodynamically unstable patient, follow advanced cardiac life support algorithms
(47). In patients with underlying atrial fibrillation/flutter, R-adrenoceptor/
nondihydropyridine calcium-channel blocking agents provide atrioventricular node blockade

JAm Coll Cardiol. Author manuscript; available in PMC 2021 July 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nazari et al. Page 9

to slow the ventricular response. Amiodarone, flecainide, propafenone, or sotalol may be
used to try to convert the rhythm to sinus rhythm. Ivabradine is not recommended in the
management of atrial fibrillation/flutter (35,45,58).

SPECIAL CONSIDERATIONS: CATECHOLAMINE-RELATED
COMPLICATIONS

Patients with catecholamine-induced tachyarrhythmias may have concerning catecholamine-
related complications, such as myocardial infarction or superimposed cardiomyopathies,
which may be further complicated by left ventricular outflow tract obstruction (46,59).
These conditions can lead to cardiogenic shock (59). Thus, they have a high index of
suspicion, so obtain serial cardiac troponin measurements, electrocardiograms, and
echocardiography to aid in identification and to optimize management, as these patients are
at high risk of hemodynamic collapse (Figure 1A).

TACHYARRHYTHMIAS AND MANAGEMENT: BACK TO THE PATIENT

After stabilization, initial management of patients with catecholamine-induced
tachyarrhythmias involves eliminating interfering agents, optimizing medical management
of harmful comorbid conditions, identifying catecholamine-related complications (as
detailed in the previous text), and directing the patient to the appropriate level of care with
appropriate invasive BP and hemodynamic monitoring (elaborated in Figures 1A and 2).
Once stabilized, the biochemical phenotype then guides and informs management,
contingency plans for potential complications, and prognosis (Figure 1A).

We now return to our prototypical cases to evaluate interventions, examine what could be
improved, and to highlight similar steps in management of patients taken care of at our
institution (Figure 5).

CASE 1 (NORADRENERGIC PHENOTYPE).

This patient had ST and was admitted to the intensive care unit for stabilization. Dehydration
from nausea and vomiting likely contributed to ST. Treatment with metoclopramide led to
catecholamine release, worsening hypertension and ST (Figure 1A) (16,17). In addition, the
nonselective p-adrenoceptor—blocking agent labetalol also worsened the underlying
hypertension due to predominant B-adrenoceptor blockade (Figure 5, Patient 1) (18).
Treatment with diltiazem corrected the hypertension and ST.

CASE 2 (ADRENERGIC PHENOTYPE).

This patient had hypertension and ST on presentation, which was complicated by
hypotensive shock after treatment with phenoxybenzamine. The paroxysmal nature of this
patient’s symptoms and the adrenal location of the tumor were consistent with an EPI-
secreting pheochromocytoma (Figure 5, Patient 3). In the setting of a-adrenoceptor
blockade (phenoxybenzamine), circulating EP1 bound to the p2-adrenoceptor, leading to p2-
adrenoceptor overstimulation, vasodilation, and hypotension (25). We have encountered this
phenomenon of p2-adrenoceptor overstimulation in our patients (see Figure 5, Patient 5).
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These patients exemplify the need for a thorough evaluation to rule out alternative causes of
shock. The addition of 1V propranolol blocked p2-adrenoceptor overstimulation, correcting
vasodilation and hypotensive shock while treating the underlying VT, a life-saving
intervention (as seen in in our patient in Figure 5, Patient 5).

ADDITIONAL CONSIDERATIONS

In the management of patients with pheochromocytoma who have a partial response to
treatment or who have persistent symptoms despite adrenoceptor blockade, metyrosine can
be added to their medical management (1,18,19). Metyrosine decreases circulating
catecholamines and mitigates tachyarrhythmias and BP derangements. It should be
considered unless contraindicated (e.g., underlying depression or suicidal ideation) (18).
Metyrosine, however, may not be readily available in many institutions given its prohibitive
cost.

Acute management of catecholamine-induced tachyarrhythmias requires a coordinated
approach among cardiologists, endocrinologists, oncologists, internists, pediatricians,
intensivists, and others. Cardiologists play a pivotal role in the management of these
tachyarrhythmias.

Many institutions do not have ready access to 1V phentolamine or PO phenoxybenzamine.
Additionally, ivabradine has a relatively high cost. In these circumstances, we suggest a
repertoire of 5 more readily accessible agents: ST and VT can be treated with 1) IV esmolol,
2) IV nicardipine, or 3) IV nitroprusside added to control hypertension; in hypotensive
patients, use fluid resuscitation and 4) 1V phenylephrine; and in patients with refractory
hypotension, assess for p2-adrenoceptor overstimulation and treat with 5) IV propranolol.
Additional useful medications are identified in Figure 1 and Supplemental Table 2.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS AND ACRONYMS

BP blood pressure

EPI epinephrine

HCN hyperpolarization-activated cyclic nucleotide—gated
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HIGHLIGHTS

. Pheochromocytomas cause life-threatening tachyarrhythmias; however, no
up-to-date published data exists about their management.

. Understanding catecholamine physiology ensures appropriate intervention
while avoiding mismanagement and consequent poor cardiovascular
outcomes.

. Cardiologists are pivotal in implementing up-to-date care for

pheochromocytoma-induced tachyarrhythmias.

. Additional studies are needed to further optimize management strategies of
pheochromocytoma-induced tachyarrhythmias.
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A

Eliminate interfering agents Interfering agents Harmful comorbid conditions
Medically optimize harmful comorbid conditions

* NE reuptake inhibitors » Hypoxia

» Monoamine oxidase inhibitors  « Hypercapnia

* Linezolid » Hypomagnesemia
* Opiates » Hypocalcemia
Determine appropriate level of care * Peptide hormones « Hypokalemia

* Anesthetics « Hyperthyroidism

» Neuromuscular blockers « Hypercortisolism
» Antiemetics (metoclopramide)
Concerning cardiovascular history » Sympathomimetics (nicotine,
HR <50 or >120 or systolic BP <80 or >160 caffeine, amphetamines)
Consider if rapid HR or systolic BP changes « Steroids
IV anti-hypertensives or anti-arrhythmics

Concerning cardiovascular history

« Severe, symptomatic, or frequent
bradyarrythmias, tachyarrhythmias,
hypotensive or hypertensive events

« Coronary artery- or peripheral
vascular- disease

* Acute coronary syndrome

Intensive care unit Intermediate care unit « Severe cardiomyopath
Telemetry Telemetry « Cardiogenic sho)::kp :
Frequent vital signs Frequent vital signs

Concerning catecholamine
related complications

* Myocardial infarction
* Acute or worsening cardiomyopathy
» Left ventricular outflow tract obstruction

Evaluate for concerning
catecholamine related complications

Evaluate for concerning
catecholamine related complications

Concerning complications
present

Concerning complications
or history present

Consider invasive blood pressure Eecalate to Intensive care Unit
and hemodynamic monitoring
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Hypertensive emergency

IV phentolamine or IV nicardipine or
IV nitroprusside (for BP)

If BP not at goal

Remaining agent:

IV nicardipine or IV mitroprusside (for BP)

IV esmolol or IV metoprolol (for HR)

If BP or HR not at goal

IV hydralazine
IV verapamil or IV diltiazem (for HR)

If BP or HR not at goal

PO ivabradine (for HR),
consider EP consult

PO phenoxybenzamine or
PO doxazosin (for BP)
PO atenolol or PO metoprolol (for HR)

If BP or HR not at goal

PO/IV verapamil or
PO/IV diltiazem (for HR)
PO/IV hydralazine (for BP)

If BP or HR not at goal

Consider additional IV agents (for BP)
PO ivabradine (for HR)

If BP or HR not at goal

Consider EP consult

PO ivabradine*

If HR not at goal

PO diltiazem or PO verapamil

If HR not at goal

Consider PO doxazosin and
PO atenolol or PO metoprolol

If HR not at goal

Consider EP consult
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IV fluids (for BP)

If BP not at goal
despite fluid resuscitation

IV propranolol (for HR and BP)

If BP or HR not at goal

IV phenylephrine (for BP)
PO ivabradine (for HR)

If BP or HR not at goal

IV EPI, NE, dopamine (for BP)
IV diltiazem (for HR), consider EP consult
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C

Ventricular tachycardia

Page 17

Hypertensive

IV phentolamine or IV nitroprusside or
IV nicardipine (for BP); then IV esmolol (for rhythm)

If VT persistent or BP not at goal

Remaining agent: IV nicardipine or
IV nitroprusside (for BP); IV amiodarone* (for rhythm)

If VT persistent or BP not at goal

IV hydralazine (for BP)
IV lidocaine* (for rhythm)

If VT persistent

Cardioversion

FIGURE 1. Management of Catecholamine-Induced Tachyarrhythmias

v

Normotensive

1V amiodarone*

If VT persistent

IV lidocaine*

If VT persistent

1V phentolamine or PO phenoxybenzamine
and IV esmolol

If VT persistent

Cardioversion

Hypotensive

Cardioversion

If VT persistent or BP not at goal

IV fluids and IV phenylephrine (for BP)
IV propranolol (for BP and rhythm)

If VT persistent or BP not at goal

IV NE, EPI, dopamine (for BP)
IV amiodarone* (for rhythm)

If VT persistent or BP not at goal

Mechanical support then ECMO (for BP)
Lidocaine* then EP consult (for rhythm)

General management of catecholamine-induced tachyarrhythmias (A), management of ST

(B), and VT (C). Refer to text for elaboration. BP = blood pressure; EP =

electrophysiologist; EPI = epinephrine; HR = heart rate; IV = intravenous; NE =
norepinephrine; PO = oral; VT = ventricular tachycardia.
*If ivabradine is unavailable or too expensive, agents like diltiazem, verapamil, and
metoprolol or atenolol after a.-adrenoceptor blockade can be used but beware of hypotension
*Sotalol, propafenone and procainamide can also be used as add on agents in the
management of ventricular tachycardia
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FIGURE 2. Catecholamine Synthesis and Interfering Agents
Catecholamines (dopamine, NE, and EPI) are produced in chromaffin cells through a

common synthetic pathway (left), beginning with tyrosine hydroxylase (TH) regulating the
conversion of tyrosine to dihydroxyphenylalanine, the rate-limiting step.
Dihydroxyphenylalanine is converted to dopamine, which is converted to NE;
phenylethanolamine-N-methyltransferase (PNMT) converts NE to EP1. Common foods and
medications interfere with 3 mechanisms in catecholamine synthesis and turnover that are
relevant to triggering and worsening of tachyarrhythmias. First, synthesized NE and EPI
sequestered into storage vesicles can be displaced by prescribed drugs (e.g.,
sympathomimetics) and tyramine found in fermented, aged, and smoked foods (cheese,
wine, beer, soy sauce, avocado, banana, and so on). Second, reuptake inhibitors (serotonin
and/or NE-related antidepressants) block catecholamine reuptake. Third, following reuptake,
NE and EPI are deactivated by monoamine oxidase and are eventually metabolized to
dihydroxyphenylglycol (DHPG). Monoamine oxidase is inhibited by monoamine oxidase
inhibitors, including oxazolidinedione antibiotics (linezolid). Additional agents also
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contribute to catecholamine excess by alternative, multiple, or less-well-known mechanisms
and are not shown. These agents include opiates, peptide hormones (vasopressin, glucagon,
steroids), neuromuscular blockers, anesthetics, and antiemetics (notably metoclopramide).
Ultimately, catecholamines enter the circulation and act upon the heart and vasculature via
adrenoceptors (right). Glucocorticoids and thyroid hormones either increase the number of
adrenoceptors or their affinity to catecholamines. AV = atrioventricular; SA = sinoatrial;
other abbreviations as in Figure 1.
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Epinephrine

Norepinephrine

Sympathetic
adrenoceptors

Vasoconstriction:
Increased
blood pressure

Vasodilation:
Decreased
blood pressure

Increased heart rate,
inotropic force, and
conduction velocity

Inhibit release of
norepinephrine

FIGURE 3. Catecholamine Binding Affinities and Adrenoceptor Actions
a(1,2), B(1,2) adrenoceptors present on end organs bind EP1 and NE with differing

affinities. al-adrenoceptors are present on vascular smooth muscle and result in
vasoconstriction and hypertension when activated by NE or EPI. a2-adrenoceptors are
present on synaptic nerve terminals and inhibit the release of NE. B1-adrenoceptors are
present on the heart and kidney and, when activated by EPI or NE, result in increased heart
rate, inotropic force, and conduction velocity within the heart, and renin release from the
kidney. p2-adrenoceptors, present on certain vessels and lung smooth muscle; when
activated by EPI, result in vasodilation and in excess can lead to hypotension. Abbreviations
as in Figure 1.
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Sinus Tachycardia Ventricular Tachycardia
Me’l’ro ; (Oé\“e
S[”e “e‘ﬂ
Consult an Hypotensive Consult an
electrophysiologist electrophysiologist
Ivabradine Lidocaine

Diltiazem, Verapamil

Amiodarone

o~ then B1-adrenoceptor blocking agent

1-adrenoceptor blocking agent

|
Hypertensive

FIGURE 4. Core Principles in Treatment of Catecholamine-Induced Tachyarrhythmias
The principal treatment strategy for sinus tachycardia (ST) and ventricular tachycardia (VT)

include B1-adrenoceptor blockade especially in hypertensive patients (bottom). In ST,
diltiazem, verapamil, and ivabradine are useful add-on agents (left). In VT, lidocaine and
amiodarone are useful add-on agents (right). The order in which these agents are used
should be considered in the context of comorbid BP derangements (center). Metyrosine
(top) can also be considered as an adjunctive treatment in decreasing catecholamine
synthesis. If ST and VT remain refractory after adding on these agents, consider consultation
with a cardiologist or an electrophysiologist.
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HR 88, BP <130/90,
BP still discharged on
elevated carvedilol and amlodipine

Home meds Presented
phenoxybenzamine, ST, HR 150s,
metyrosine BP 160/80
Patient 1 | |
« 58 year old male

o, O O
|

« Persistent ST, T BP

Presented atrial
Home meds fibrillation, HR 160s

Added IV labetalol Added IV nicardipine

~\ ~\ ~\
J J J

Atrial fibrillation resolved,
discharged on phenoxybenzamine,

2 doxazosin HTN, BP 200/100 atenolol, and anticoagulation
Patient 2 I | I
« 67 year old female -~ —~ ~ —~
* New onset O e T T = »
R L Transitioned to Added atenolol
PO phenoxybenzamine
Developed premature ventricular
Paroxysmal contractions and paroxysms of
T BP (190/100) sustained VT VT resolved
Patient 3 | | |
« 59 year old male O O O O O =
« Paroxysmal VT, T BP | |
Added phenoxybenzamine EPI tumor
resected
Home meds
phenoxybenzamine,
metoprolol, Developed
metyrosine persistent ST ST persisted ST resolved
Patient 4 | | | |
« 54 year old male O O O O O O O e
« Persistent ST, T BP | | |
Radiotherapy Added IV esmolol, Added ivabradine
IV labetalol, IV diltiazem
Admitted somnolent, decreased
Started on urine output, hypotensive (BP 94/54),  Added PO propranolol,

PO furosemide

ST (HR 110), anasarca

stable for resection

Patient 5 |

~\ ~\

* 46 year old female O O
« Persistent ST, | BP 1

Started pre-operative Discontinued PO furosemide
phenoxybenzamine
and metyrosine

~\ ~\ ~\
J J J

and metyrosine, reduced
phenoxybenzamine

FIGURE 5. Learning Points in our Clinical Experience
Timelines detailing patient care and learning points for 5 patients cared for at our institution.

Abbreviations as in Figures 1 and 4.
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Learning Points

 Use labetalol after adequate o--
adrenoceptor blockade has been
achieved. It causes non-selective
-adrenoceptor blockade,
increasing BP.

« Follow with addition of a fast-
acting antihypertensive agent
(IV nicardipine).

« In breakthrough hypertension,
transition from a competitive-
(doxazosin) to a non-competitive-
o-adrenoceptor blocker
(phenoxybenzamine).

« Treatment of hypertension can
improve ectopy. As demonstrated
in this patient. EPI-secreting
tumors present with paroxysmal
symptoms.

« lvabradine is a valuable agent in
the treatment of ST.

» o-adrenoceptor blockade

can lead to 32-adrenoceptor
overstimulation and to hypotensive
shock.

« Management is contra conventional
hypertension management in
pheochromocytoma: limit o.- and
provide non-selective B-adrenoceptor
blockade.
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CENTRAL ILLUSTRATION. Tachyarrhythmias in Catecholamine Excess
Pheochromocytomas produce excess catecholamines, which bind adrenoceptors and act on

the sinoatrial node (SAN), atrioventricular node (AVN), His-Purkinje system, and
myocardium (top). Cardiac pl-adrenoceptor stimulation leads to stimulatory guanine
triphosphate protein-coupled receptor (Gs) activation, which activates adenylate cyclase
(AC) to convert adenosine triphosphate (ATP) to cyclic adenosine monophosphate (CAMP),
which activates protein kinase A (PKA). Nodal cells of the SAN and AVN have slow APs
(bottom left). In the SAN, cAMP activates the HCN channel. This increases the slope of
diastolic depolarization in phase 4 (green) and increases chronotropy (dashed line vs. solid
line). Ivabradine opposes this. In the AVN, cAMP-activated PKA phosphorylates L-type
calcium channels, which increases the slope of phase 0 (orange) and increases dromotropy
(dashed line vs. solid line). Nondihydropyridine calcium channel and p1-adrenoceptor
blocking agents oppose this. In fast-action potentials of the myocardium (bottom right), p1-
adrenoceptor stimulation increases conduction velocity, enhances automaticity, and shortens
refractoriness (phase 0 to the end of phase 3) by a variety of mechanisms mediated by an
elevation in cAMP. B1-adrenoceptor blockade prolongs refractoriness and may decrease
spontaneous depolarization (dashed line vs. solid line). Class IA-C antiarrhythmics acting
on phase 0 (purple) of depolarization prolong refractoriness, while class Il antiarrhythmics
do so by acting on phase 3 (pink) of depolarization (dashed line vs. solid line). Ryanodine 2
receptors (RyR2) present on the sarcoplasmic reticulum (SR) of cardiac myocytes and cells
of the His-Purkinje system are phosphorylated by PKA and cause calcium efflux into the
cytosol; calcium binds the troponin-tropomyosin complex revealing myosin binding sites on
actin, enhancing cross-bridge cycling, and increasing inotropy (not shown).

JAm Coll Cardiol. Author manuscript; available in PMC 2021 July 28.



	Abstract
	CLINICAL SCENARIOS: THE PATIENT
	CASE 1 (NORADRENERGIC PHENOTYPE).
	CASE 2 (ADRENERGIC PHENOTYPE).

	CATECHOLAMINE SYNTHESIS, PHYSIOLOGY, ACTION, CARDIAC, AND VASCULAR RESPONSE
	MANAGEMENT OF CATECHOLAMINE-INDUCED ARRHYTHMIAS
	TREATMENT OF CATECHOLAMINE-INDUCED ST.
	CHOICE OF ADRENOCEPTOR ANTAGONISTS.
	BP CONSIDERATIONS IN ST.

	TREATMENT OF CATECHOLAMINE-INDUCED VT.
	BP CONSIDERATIONS IN VT.
	ATRIAL FIBRILLATION AND FLUTTER

	SPECIAL CONSIDERATIONS: CATECHOLAMINE-RELATED COMPLICATIONS
	TACHYARRHYTHMIAS AND MANAGEMENT: BACK TO THE PATIENT
	CASE 1 (NORADRENERGIC PHENOTYPE).
	CASE 2 (ADRENERGIC PHENOTYPE).

	ADDITIONAL CONSIDERATIONS
	References
	FIGURE 1
	FIGURE 2
	FIGURE 3
	FIGURE 4
	FIGURE 5
	CENTRAL ILLUSTRATION

